the clay minerals. Moullade et al. (2005) reported processing samples by soaking them in Rewoquat (1-methyl-2-noroleyl-3-oleic acid-aminoethyl-imidazolinium-methosulfate) for several days followed by repeated washes in H 2 O 2 to remove the tenside. Gräfe (2005) disintegrated marine Jurassic marlstones with Rewoquat but did not specify how the samples were washed afterwards. Gräfe (2005) recorded poor foraminifer preservation from this study, which he attributed to taphonomic processes. sodium compounds. Sodium compounds disaggregate the rock by mimicking the natural weathering process of shale. The interlayer potassium within the clay mineral structure is replaced with sodium from sodium compounds and causes expansion (Hanken 1979) . Sodium tetraphenylborate (NaTPB) and sodium chloride (NaCl) have been described as effective methods to extract intact, clean fossils from indurated mudrocks; however, the cost of NaTPB generally prevents large-scale application (Hanken, 1979) . Muller (1990, unpublished PhD thesis, The State University of New Jersey) used Hanken's (1979) method along with dissolution in sodium carbonate to extract benthic foraminifera from Lower Jurassic limestones, marls and shales. NaTPB is assessed as hazardous (Table 1) .
Freeze-thaw. Freeze-thaw disaggregates the rocks because as the fluids in the pore spaces of the rock cool and solidify they take up greater volume causing the rock to break apart. Nonchemical disaggregation methods involving the repeated freezing and thawing of rocks have been described previously (Hanna & Church, 1928; Sohn, 1961; Sohn et al. 1965; Pojeta & Balanc, 1989) . Hanna & Church (1928) describe successfully disaggregating Pliocene shales by freezing small, water-saturated, samples for several hours or overnight but they provide no further detail. Green (2001) notes that repeated freeze-thawing will disaggregate most shales and that this method has been successful for disaggregating clay-rich sedimentary deposits for the extraction of microfossils. Hanna & Church (1928) used tap water for the freeze-thawing, whereas Sohn (1961) and Sohn et al. (1965) used dissolved sodium salts solution (including sodium acetate 3-hydrate (CH 3 COONa.3H 2 O)) and Hinchey & Green (1994) used liquid nitrogen. The freeze-thaw technique has no chemical safety risks associated (see Table 1 for the safety risks associated with sodium salt solution and liquid nitrogen).
Here we report development and testing of the freeze-thaw technique for the breakdown of indurated mudrocks and extraction of foraminifera. The freeze-thaw method resulted in both a better breakdown of the indurated mudrocks compared to other standard methods and, when combined with white spirit and sodium hexametaphosphate, produced a more abundant and diverse assemblage of the foraminifera preserved in the sediment with no evidence of damage to the tests. To test the freeze-thaw method, we used organic-rich, indurated mudrocks that were deposited prior to and during the Toarcian (Early Jurassic) Oceanic Anoxic Event (Kemp et al. 2005 (Kemp et al. , 2011 Caswell & Coe, 2013) . Our results also extend the range of one foraminifer compared to that reported by Hylton (2000, unpublished PhD thesis, University of Plymouth).
MetHod
The indurated mudrock samples were collected using a cold chisel and hammer from the Toarcian strata exposed at Hawsker Bottoms [NZ 94795 07849] and Port Mulgrave [NZ 79803 17669] along the North yorkshire coast near Whitby, UK. The samples were collected with direct reference to the graphic logs constructed by Angela L. Coe and David B. Kemp and presented in Kemp et al. (2005 Kemp et al. ( , 2011 . A ceramic mortar and pestle was used to breakdown a known weight of six samples of indurated Toarcian mudrocks of variable composition (0.3-5 wt% CaCO 3 ; 1.3-8.4 wt% TOC; 1.78-5.5 wt% S; Table 2 ) into roughly peasized lumps and these were subdivided into aliquots for Methods 1 to 4.
For the freeze-thaw technique (herein referred to as 'Method 4'), an aliquot of known weight of the pea-sized mudrock lumps was saturated in cold water for 24 h. After decanting off the water and placing the sample in a sealed plastic container, the sample was frozen for approximately 3 h. The sample was then removed from the freezer and rapidly heated by covering it in boiling water for several minutes. This rapid heating is different from previous methods involving freeze-thaw, such as Hanna & Church (1928) , who describe letting the sample reach room temperature. After decanting off the warm water and sieving on a 63 μm and a 500 μm sieve stacked together under a gentle water jet to extract the fraction between 63 μm and 500 μm, the residue over 500 μm was returned to the freezer and the fraction less than 63 μm was discarded. The 63-500 μm fraction was washed again in the 63 μm sieve under a gentle water jet until the water ran clear. The freeze-thaw steps were repeated on the fraction greater than 500 μm 15-20 times until almost all the original sample was disaggregated to less than 500 μm. This is a similar number of freeze-thaw repetitions to that reported by Sohn (1961) and Sohn et al. (1965) although they used sodium salts instead of water. Pojeta & Balanc (1989) and Green (2001) reported that the processing could be speeded up in a vacuum and that they used a sodium sulphate solution. In our development of the method for mudrocks, we also added a few drops of Decon-90 to the samples during each of the rapid heating steps to increase deflocculation of the clays. Once 15-20 freeze-thaw cycles had been completed, the whole of the 63-500 μm fraction collected was subjected to ultrasound for 15-30 s, sieved and washed again using a gentle water jet and then dried.
This new freeze-thaw method (Method 4) was tested against three established methods using the same samples (herein referred to as Methods 1-3). Method 1 involved saturating an aliquot of the pea-sized mudrock lumps of known weight in white spirit for 24 h, decanting off the white spirit and then boiling in a 50% solution of sodium hexametaphosphate for 25 minutes. The samples were then soaked in 30% H 2 O 2 in a water bath for up to an hour. This method is similar to that used by Hylton (2000, unpublished PhD thesis, University of Plymouth) and Reolid et al. (2012) . Method 2 was the same as Method 1 but the H 2 O 2 stage was omitted. Method 3 involved soaking an aliquot of the peasized mudrock lumps of known weight in Rewoquat (Gräfe, 2005; Moullade et al. 2005) for 1 week before repeated washes in H 2 O 2 .
Method 4 produced a very high degree of disaggregation of the mudrocks into particles <500 μm (see 'Results' and 'Discussion') and some to <63 μm; however, it left many aggregated clay particles in the 63-500 μm fraction. Two techniques were tested to break down more of the clay aggregates from the 63-500 μm fraction. The first was to combine Method 4 with Method 2. This was done by soaking the whole 63-500 μm fraction recovered from Method 4 in white spirit overnight prior to the final drying stage. The sample was then boiled in sodium hexametaphosphate before sieving and drying the 63-500 μm fraction. The second method of breaking down the clay aggregates was to use a high pressure (0.018 ls -1 ) finely dispersed water spray for at least 45 min on the 63-500 μm fraction whilst it was in the 63 μm sieve; this technique was tested on two samples only (Tse 00.60 and MD-170).
The 63-500 μm fraction of the samples processed by all the different methods was picked to 10 g or to 300 specimens (whichever was completed first) using an Olympus SZX12 research stereomicroscope and the fossils were mounted on to slides using water-soluble Gum Tragacanth glue. The preservation of the foraminifera and other calcareous and pyritic microfossils was examined further using the FEI Quanta 200 3D scanning electron microscope (SEM) at the Open University. For the SEM analysis the microfossils were coated in c.15 nm of carbon and recorded using an accelerating voltage of 20 kV and a beam current of 0.6 nA. The software PAST (http://folk.uio.no/ohammer/past/) was used to calculate a range of diversity indices.
resuLts
The degree of disaggregation of the samples from each of the methods, i.e. the percentage of the sample completely broken up into <500 μm particles, varied considerably from 5% (Method 1, sample MA-13) to 99% (Method 4, sample MD-170) ( Table 2 , Fig. 1 ). For all samples, the new freeze-thaw technique (Method 4) produced the highest degree of disaggregation and Method 2 produced the lowest. Method 3 was difficult to use and disaggregation was unsuccessful for sample MD-166, although it demonstrated a 77% disaggregation of sample Tse 00.60 (67% of the sample was the 63-500 μm foraminifera yielding fraction). A combination of Methods 4 and 2, yielded a greater loss of clay particles (<63 μm fraction) from the 63-500 μm fraction than from Method 4 alone (Fig. 2) . The average percentage reduction in the weight of the fossiliferous fraction through clay loss from the application of Method 2 after Method 4 was 20% (Fig. 2 ). In contrast the high-pressure washing of samples Tse 00.60 and MD-170 produced an average percentage reduction in the weight of the 63-500 μm fossiliferous fraction of 10% through clay loss.
The raw foraminifer abundance and diversity data are shown in Tables 3 and 4 and, Figures 3 and 4. Samples MA-13 and MD-78 are barren of foraminifera (and, therefore, not shown in Table 3 ). Because of the wide variation in the amount of disaggregation and picking to either 10 g or 300 specimens, we also calculated the amount of foraminifera predicted from each sample if the whole processed sample was picked and 100 g was the initial weight. We calculated this by using the raw foraminifer abundance data in the fossiliferous fraction and multiplying it by the amount of sample available to pick through (i.e. the difference between the size of the picked 63-500 μm fraction and the size of the remaining 63-500 μm residue left to pick). We then normalized to the initial 100 g weight by multiplying those samples with a different start weight by the difference in weight. These results are shown in Table 5 and Figure 5 . The range of diversity indices obtained from the software package, PAST, are shown in Figure  4 . The diversity indices used were the Simpson, Margalef, Shannon H, Menhinick and Fisher alpha, as well as the dominance and evenness for each sample (see Hammer & Harper (2006) for further details on diversity indices). The raw data for The heights of the samples were measured relative to the base of the Harpoceras exaratum ammonite Subzone using the graphic log of Kemp et al. (2005 Kemp et al. ( , 2011 . Bed numbers are from Howarth (1992) . Sample MA-13 is from the exaratum Subzone at Port Mulgrave and the remaining samples are from the semicelatum Subzone at Hawsker Bottoms. Wt% TOC, S and CaCO 3 are from Kemp et al. (2011) . Different sample weights were used initially depending on sample availability. Sample MD-166 is from exactly the same stratigraphic level as sample Tse 00.61. Samples MA-13 and MD-78 are brownish-black poorly laminated organic-rich mudrocks. Samples MD-146, MD-166, MD-170 and Tse 00.60 are dark-grey mudrocks. each foraminifer species for each method are shown in Table 3 . Species present in consistently high numbers regardless of processing method are Reinholdella macfadyeni (Ten Dam, 1952) and Brizalina liassica (Terquem, 1858). Microfossils from samples processed with Method 1 using H 2 O 2 were degraded in three ways: (i) pyritized fossils were damaged (Figs 6a and 7a) compared to those subjected to freeze-thaw (Figs 6b and 7b); (ii) for the majority of samples there was a decreased abundance, particularly of delicate foraminifera; (iii) the diversity was lowest, except for sample MD-170 where the diversity was comparable with the other methods. In all samples processed without H 2 O 2 several individuals of the small delicate foraminifer Eoguttulina liassica (Strickland 1864) were found in both pyritized (Fig. 7a, b ) and nonpyritized forms (Fig. 7c) (Tappan, 1955) . Samples processed with H 2 O 2 with only one individual of a species present in 10 g or up to 300 counts of the picked residue in addition to E. liassica are Prodentalina terquemi (d'Orbigny, 1839) and Marginulina prima ?spinata (Terquem, 1858).
As it was clear that H 2 O 2 was damaging and, in some cases, dissolving, the fossils and the last stage of the Rewoquat (Method 3) involved multiple washings in H 2 O 2 , Method 3 was not tested further. Table 6 shows the relative costs and processing time for each method. Methods 1 and 2 are the fastest in terms of total time taken for processing, but in terms of 'hands on' time, Methods 2 *Not picked to 10g due to insufficient sample remaining after disaggregation (see Table 2 ). The columns are as follows: A: abundance of foraminifera in 10 g (unless *); B: diversity of foraminifera; C: abundance of ostracods, microgastropods and microbivalves; D: abundance of prasinophytes (bluegreen algae of the group Tasmanitids). Sample MA-13 yielded no foraminifera from any method. A: abundance of foraminifera in 10 g or the first 300 as in Table 3 ; PA: the predicted abundance of foraminifera if all 63-500 μm fraction initially processed, was picked. Note: the initial sample weight used was normalized to 100 g in all cases; * as Table 4. and 4 are the shortest and Method 1 is the longest. High-pressure washing adds a minimum of 45 min. At the current (2013) costs for chemicals, Method 4 is the cheapest and Method 1 is the most expensive at approximately double the cost of Method 2 or, Method 4 combined with Method 2.
Astacolus matutina

dIscussIon
The effectiveness of the different methodologies was assessed as a function of: (1) the degree to which the sample was disaggregated; (2) the abundance and diversity of extracted foraminifera; and (3) the quality of preservation of the microfossils extracted from the sample. Method 4 was the most effective method for disaggregating the mudrocks, and consistently disaggregated over 65% of the sample (Table 2; Fig. 1 ). In comparison, Method 2 was the worst and disaggregated less than 25% of the sample to <500 μm. However, Method 4 left the microfossils in the 63-500 μm fraction very diluted by aggregated clay particles which could not be quickly removed by high-pressure washing. Application of Method 2 after Method 4, on the 63-500 μm residue extracted from Method 4, concentrated the microfossils by allowing further disaggregation of the 63-500 μm aggregates into clay particles and microfossils from which the clay particles could be removed by gentle washing over a 63 μm sieve. The application of Method 2 after Method 4 was twice as effective at breaking down the aggregates and removing the clays than 45 min of high-pressure washing (Fig. 2) . Ultrasound preparation of the whole of the 63-500 μm fraction at the end of Method 4 also helped to deflocculate the clays. Hodgkinson (1991) reported that ultrasound preparation damaged agglutinated foraminifera, but no evidence of damage was found on the few specimens of agglutinated foraminifera extracted in the samples tested here.
Method 2, and Method 4 combined with 2, yielded within uncertainty the highest raw abundances of all foraminifer species (Table 4 ; Fig. 5 ). Method 4 alone did not yield such high raw abundances as Method 4 combined with 2 because the first 10 g picked using Method 4 was more diluted by 63-500 μm clay aggregates due to the success rate of the disaggregation to particles of <500 μm. It follows that Method 4 combined with Method 2 yielded the highest predicted foraminifer counts (Fig. 5) because more of the original sample was disaggregated by the freeze-thaw (compared to Method 2 alone) and the use of both methods concentrated the foraminifera in the raw counts. The success of the freeze-thaw method in both disaggregating more of the sample and not damaging the fossils clearly increases the potential number of foraminifera that are available for picking. However, the efficient breakdown of the rock makes picking more time consuming because aggregated clay particles remain in the 63-500 μm fraction even after Method 4 and Method 2 are combined.
The different diversity indices from PAST are indistinguishable between all the methods within the limits of natural variance and there is no clear relationship with either wt% TOC, or wt% CaCO 3 or wt% S for the few samples tested (Fig. 4) . However, the raw abundance and diversity counts for the foraminifer assemblages (Table 3) show that Method 1 has a lower abundance of the 'rarer species' and that some species are absent altogether and we interpret this to be the result of complete oxidation and dissolution by H 2 O 2 . In contrast, Method 4 combined with 2 generally has a higher abundance of all species. Our SEM work shows that H 2 O 2 resulted in significant damage to pyritized microfossils and our abundance and diversity data show that CaCO 3 microfossils were significantly reduced in number or absent when extracted using H 2 O 2 . That H 2 O 2 could Fig. 5 . The predicted number of foraminifera in the 63-500 μm fraction assuming the initial processed weight was 100 g and that the entire sample which was successfully disaggregated was picked for foraminifera. cause damage to CaCO 3 was also noted by Hodgkinson (1991) and Pingitore et al. (1993) . Reolid et al. (2012, p.91 ) described ornamented foraminifera tests that they had extracted as 'pitted, smooth or polished surfaces on the test periphery' and damage to final chambers of the test. We note that this pitting is similar to that which we observed on SEM images of the pyritized microfossils processed using H 2 O 2 (Figs 6a and 7a) and suggest that the damage Reolid et al. (2012) observed may have been caused by the H 2 O 2 . We also suggest that the poor foraminifera preservation reported by Gräfe (2005) and attributed to taphonomic process could be instead due to H 2 O 2 treatment if this was used in their processing. The lower abundance of CaCO 3 forms observed in the samples we processed using H 2 O 2 is interpreted to result from dissolution of delicate foraminifera, such as E. liassica and Haplophragmoides cf. kingakensis. Under the SEM, some of the CaCO 3 forms of R. macfadyeni and Brizalina liassica exhibited evidence of dissolution which we interpret to be due to the use of H 2 O 2 .
Although Hodgkinson (1991) suggested sodium hexametaphosphate in high concentrations could cause damage to foraminifer tests, there was no visible damage to those processed with methods using sodium hexametaphosphate when compared with Method 4.
Our preliminary foraminifer data from the Toarcian reported here extends the range of H. kingakensis by approximately 10 m in yorkshire compared to that reported by Hylton (2000, unpub- of Method 4 as a single processing technique was that it left clay aggregates in the foraminifer-bearing fraction that had a dilution effect on the abundance of foraminifera, which makes microfossil picking more time consuming. The technique of repetitive freeze-thaw combined with ultrasound treatment and using Decon-90 disaggregated at least 50% of the original sample. The application of white spirit and sodium hexametaphosphate (Method 2) after Method 4 resulted in increased separation of the clay from the microfossil fraction and left the most diverse and abundant foraminifer assemblage with no evidence of chemical damage. Following Method 4 with Method 2 is quicker and more effective than using high-pressure washing to remove clays.
Our results demonstrate the importance of investigating the processing technique to maximize the preservation of microfossils and extract a true representation of the preserved foraminifer assemblage. We anticipate that the freeze-thaw method could be the basis of further development of a foraminifer extraction process across a wide range of sedimentary deposits.
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